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Background
Spatially oriented asymmetric cell divisions are essential
in development. For example, in early embryogenesis of
Caenorhabditis elegans, cleavage planes follow a pattern
which generates cells of differing developmental poten-
tials [1]. In plant development, ordered and directed cell
division axes are crucial in morphogenesis [2]. Certain uni-
cellular organisms also follow programmed patterns of cell
division. A prominent example is the budding yeast Sac-
charomyces cerevisiae which can bud in one of two geneti-
cally programmed patterns: axial or bipolar [3–5]. In the
axial pattern, typical of a or a haploid cells, both the
mother and the daughter cell choose a bud site adjacent to
the previous site of cell division (Fig. 1a). In the bipolar
pattern, typical of a/a diploid cells, the ovoid mother and
daughter cells choose bud sites at either of their poles,
with age-related biases for one pole or the other (Fig. 1b). 
A considerable amount is known about the molecular
machinery dedicated to selecting a bud site and forming a
bud (for reviews, see [6,7]). Genes that are required for
selecting bud sites in ordered spatial patterns but not for
bud formation can be grouped into three classes based
upon phenotype: BUD1, BUD2 and BUD5 are required for
both the axial and bipolar patterns [8–11]; BUD3, BUD4
and AXL1 are specifically required for the axial pattern
[9,12]; and newly described BUD6, BUD7, BUD8 and
BUD9 are specifically required for the bipolar pattern [13].
BUD1, BUD2 and BUD5 encode a Ras-related GTPase [8],
a GTPase-activating protein (GAP) [14] and a GDP–GTP
exchange factor (GEF) [10,11], respectively, and are
thought to act together to respond to spatial landmarks pro-
vided by axial or bipolar-specific gene products. Consistent
with this view, Bud3p forms a double ring structure at the
mother-bud neck of cells as they enter mitosis [15]; this
ring is in an appropriate position to mark axial sites in the
next cell cycle, as read by the Bud1p GTPase module. Evi-
dence suggests that Bud1p transduces the position of
Bud3p or the bipolar marks to the polarity establishment
factors (Bem1p, Cdc24p and Cdc42p), which direct polar-
ized assembly of the cytoskeleton [6,7,16,17]. Polarized
cytoskeletal elements are then responsible for targeting
growth to the bud, orienting the mitotic spindle and
defining the cleavage plane. 
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Figure 1
Wild-type patterns of budding and division. (a) The axial pattern typical
of a and a haploid cells. (b) The bipolar pattern typical of a/a diploid
cells. Long arrows indicate axes of polarization.
(a) Axial
a cells, α cells
(b) Bipolar
a/α cells
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Figure 2
Alignment of Bud1p with H-ras [8]. Identities
between Bud1p and H-ras are indicated by
dashes in the H-ras sequence. The effector
domain of Ras indicated by heavy lines.
Numbers refer to H-ras residues. The changes
produced by the bud1K16N, bud1G12V,
bud1T35A and bud1D81aa mutations are
indicated. (Modified from Bender and
Pringle [8]).
Bud1p MRDYKLVVLGAGGVGKSCLTVQFVQGVYLDTYDPTIEDSYRKTIEID
H-ras -TE-----V--------A--I-LI-NHFV-E-----------QVV-- 47
NKVFDLEILDTAGIAQFTAMRELYIKSGMGFLLVYSVTDRQSLEELMELRE
GETCL-D------QEEYS---DQ-MRT-E---C-FAINNTK-F-DIHQY-- 98
QVLRIKDSDRVPMVLIGNKADLINERVISVEEGIEVSSKWGRVPFYETSAL
-IK-V----D---V-V---C--AA -TVESRQAQDLARSY GI-YI----K 147
V N A
LRSNVDEVFVDLVRQIIRNEMESVAV         SQQKKKKKNASTCTIL
T-QG-EDA-YT---E-RQHKLRKLNP         PDESGPGCMSCK-VLS 189
(81aa)
GTPase modules are molecular switches that regulate
diverse processes such as mitogenesis, actin organization
and cell secretion (for reviews, see [18,19]). Here, we inves-
tigate the mechanism of the Bud1p GTPase in selection of
a bud site. Prior to this work, two general types of GTPase
mechanism were consistent with existing Bud1p data. The
first is typified by the Rab/Sec and the Sar1/ARF families
of GTPases [20,21], which move on and off the membranes
of secretory organelles as they proceed through a cycle of
GDP/GTP exchange and GTP hydrolysis: GTP-bound
molecules are membrane associated, whereas GDP-bound
molecules are soluble [20,21]. It is proposed that this cycle
of membrane binding and release brings target proteins to
the membrane to build a multisubunit complex involved
in vesicle budding. A second mechanism of action is typi-
fied by Ras. Ras is constitutively membrane associated
but, when GTP-bound, it recruits one of its downstream
effectors, Raf, to the membrane for activation [22–24]. 
We undertook experiments to examine the function of
Bud1p GTPase and to distinguish between possible
mechanisms of action. Our investigations suggest a novel
mechanism for how Bud1p GTPase may act.
Results
Function of Bud1p domains
In order to examine Bud1p function, we investigated
domains of the protein that might bind targets or regula-
tory factors. Alignment of Ras and Bud1p reveals two
domains of interest (Fig. 2) [8]. First, Bud1p has a region
from amino acids 32–42 that is 100 % identical to the Ras
effector domain [8,25]. Ras mutations affecting this
domain lock Ras in its GTP-bound form, but eliminate
the Ras signal to downstream targets [25]. To determine
whether this region of Bud1p behaves as the Bud1p effec-
tor domain, a mutation analogous to the Ras effector
region mutation, T35A, was created. 
When this bud1T35A allele was introduced into haploid or
diploid BUD1 deletion strains on low-copy-number
(YCp50) or high-copy number (YEp13) plasmids, the
transformants grew at wild-type rates but displayed
defects in budding pattern characteristic of bud1 null cells
(Fig. 3) [8]. A possible explanation for this result is a lack
of protein production from the allele; however, the
abundance of Bud1T35Ap was equivalent to that of wild-
type Bud1p, as estimated by immunoblotting (data not
shown). We tested bud1T35A for dominance by transform-
ing both single and multicopy plasmids into wild-type
haploid and diploid strains. In each case, budding was
normal as observed by bud-scar staining (our unpublished
observations), indicating that bud1T35A was not dominant.
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We also investigated whether bud1T35A could interact with
CDC24, an essential gene required for establishment of cell
polarity which encodes a likely Bud1p target, Cdc24p
[8,17]; cdc24-4 cells are defective for cytoskeletal polariza-
tion and, therefore, arrest growth as large round unbudded
cells at the restrictive temperature [26]. Overexpression of
BUD1 suppresses the defect of this cdc24 allele [8], and bio-
chemical experiments have demonstrated binding between
purified GTP-bound Bud1p and Cdc24p [17]. It was of
particular interest, therefore, to determine whether the
bud1T35A defect in bud-site selection correlated with loss
of CDC24 interaction. As reported previously, high-copy-
number BUD1 effectively suppressed the temperature-
sensitive phenotype of cdc24-4 [8], whereas high-copy-
number bud1T35A did not (Fig. 4a). The properties of the
bud1T35A allele suggest that the interaction between Bud1p
and Cdc24p occurs through this conserved domain, and
that this interaction is important for bud-site selection.
A second region of interest in Bud1p is the unique 81
amino-acid domain near the carboxyl terminus of Bud1p
[8]. To test whether this domain was important for Bud1p
function, an allele of BUD1 precisely deleted for this
region, bud1D81aa, was constructed. In all tests performed,
this allele behaved as wild-type BUD1: bud1D81aa effi-
ciently complemented the budding-pattern deficiency of
BUD1 deletion strains when expressed from a low copy-
number vector (Fig. 3c). In addition, expression of the
bud1D81aa allele from high-copy-number plasmid sup-
pressed cdc24-4 temperature sensitivity (Fig. 4b). Interest-
ingly, the bud1D81aa allele suppressed cdc24-4 slightly more
effectively than did wild-type BUD1 (Fig. 4b and our
unpublished observations). This observation is consistent
with chimera experiments between Bud1p and its closest
relative, Rap1a, in which addition of this Bud1p 81 amino-
acid region to Rap1a weakens its ability to suppress cdc24-
4 [27]. One possible explanation for enhanced suppression
by bud1D81aa might be increased protein production; this
possibility could not be tested as the primary epitope of all
available antibodies to Bud1p is the 81 amino-acid unique
region. However, we conclude that this region is dispens-
able for known Bud1p functions — bud-site selection, and
interaction with Cdc24p.
Bud1p constitutively associates with the cell membrane
We determined the subcellular localization of Bud1p by
cell fractionation and indirect immunofluorescence. Insol-
uble proteins and lipids were separated from soluble
Figure 3
Patterns of budding exhibited by cells
expressing (a) BUD1 (axial budding), (b)
bud1T35A (undirected budding) or (c)
bud1D81aa (axial budding) alleles. BUD1
alleles were expressed from a centromeric
plasmid YCp50 in a bud1 deletion haploid
strain (Y419). Plasmids used were pPB290,
pMM12 and pMM18 (see Materials and
methods). 
Figure 4
The ability of bud1 alleles to suppress
cdc24-4 temperature sensitivity in strain
ABY145. (a) Cells expressing bud1T35A,
showing lack of suppression. (b) Cells
expressing bud1D81aa, showing suppression
comparable to wild-type BUD1. BUD1 alleles
and controls are indicated. Plasmids used
were (a) pPB161 and pMM11, and (b):
pMM20, YEplac195 and pMM21. 
components by cell fractionation, and immunoblots on
equal total amounts of soluble and insoluble protein were
performed to determine in which fraction Bud1p appeared.
In these experiments, wild-type Bud1p appeared only in
membrane pellet fractions (Fig. 5a; pellet fractions con-
tained approximately 20 % of total cellular protein). Bud1p
could be solubilized by resuspending insoluble pellets in
buffer containing 1 % Triton-X100 and separating the
insoluble components from solubilized protein by high-
speed centrifugation (data not shown). Thus, we conclude
that wild-type Bud1p is largely associated with membrane.
Although wild-type Bud1p appears largely membrane
bound, one possibility is that Bud1p moves on and off the
membrane as part of GTP-binding and hydrolysis, but
that the steady-state soluble pool is small. We therefore
investigated whether Bud1p would appear soluble at
isolated points in its GTPase cycle. The localizations of
Bud1p produced by the bud1G12V (constitutively GTP-
bound) and the bud1K16N alleles (mimics constitutively
GDP-bound) [28] were examined, as well as the localiza-
tion of wild-type Bud1p proteins in strains deleted for
BUD2 or BUD5 [10,14]. If, for example, GDP-bound
Bud1p moves off the membrane, the Bud1K16Np protein
should appear in the soluble pool whereas the Bud1G12Vp
protein should remain membrane-bound. Immunoblots on
the fractionated protein from cells expressing these two
alleles indicated that both mutant proteins remained
membrane bound (Fig. 5b). Furthermore, in BUD5 and
BUD2 deletion strains, Bud1p protein remained mem-
brane-associated (Fig. 5c). We conclude that Bud1p is
associated with membrane whether GTP- or GDP-bound,
and also that neither Bud5p nor Bud2p is required for
association of Bud1p with membrane.
To assess the identity of the membrane with which Bud1p
is associated, indirect immunofluorescence of strains over-
expressing functional hemagglutinin (HA)-tagged Bud1p
were examined. As shown in Figure 6, Bud1p was local-
ized to the cell periphery, indicating that Bud1p was asso-
ciated with the plasma membrane. Although when
overexpressed, Bud1p appears uniformly distributed
around the plasma membrane, we cannot eliminate the
possibility that, at wild-type expression levels, Bud1p is
localized to a portion of the plasma membrane.
At this level of resolution, these membrane association
results are similar to what has been observed for Ras [22],
indicating that Bud1p may transduce a signal in a manner
similar to Ras. Because it is known that Ras docks one of
its effectors, Raf, to the membrane for activation [22–24],
the localizations of possible Bud1p effectors, Cdc24p and
Bem1p, were examined. As reported previously, both HA-
tagged Cdc24p and Bem1p appeared in the insoluble frac-
tions of wild-type cells ([6,29]; Fig. 5d,e). When this same
experiment was performed in a bud1 deletion strain,
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Figure 5
Subcellular localization of Bud1p and possible
effectors. (a) Localization of wild-type Bud1p
(strain JCY320). Absence of a band in the
BUD1 deletion strain demonstrates antibody
specificity. (b) Localization of Bud1G12Vp
(strain JCY321) and Bud1K16Np (strain
JCY322), aligned with a blot of the same
preparations probed for plasma membrane
ATPase (Pma1p) (c) Localization of Bud1p in
BUD5 and BUD2 deletion strains (strains
JCY205, HP24). (d) Localization of HA-
tagged Cdc24p in BUD1 (strain JCY403) and
BUD1 deletion strains (strain MMY112)
detected with anti-HA antibodies. (e)
Localization of Bem1p in BUD1 (strain
JCY320) and BUD1 deletion strains (strain
MMY104) detected with anti-Bem1p
antibodies. (f) Coomassie gel of fractions
shown in (b) indicates the presence of
proteins in both soluble and insoluble
fractions. Although major bands are much the
same in pellet (P) and supernatant(S),
different minor bands appear enriched in
each. P indicates combined P2 and P3
pellets, S indicates S3 supernatant. 
450 Current Biology 1996, Vol 6 No 4
Cdc24p and Bem1p remained insoluble, indicating that
Bud1p was not strictly necessary for localization of Cdc24p
or Bem1p. However, the possibility that multiple mem-
brane-targeting mechanisms exist for these proteins
cannot be eliminated.
Bud-site-selection in the presence of BUD1 mutant alleles
To examine further the mechanism of Bud1p action, the
budding pattern phenotypes of diploid cells deleted for
endogenous BUD1 but expressing the bud1G12V and
bud1K16N alleles were examined. Cells expressing these
two alleles have been classified as budding randomly [28];
we hypothesized, however, that there might be an infor-
mative difference in budding pattern between cells con-
taining only GTP-bound Bud1p and those containing only
inactive Bud1p. Diploid BUD1 deletion strains expressing
these alleles from low-copy-number plasmids were stained
with Calcofluor to visualize bud scars. Although cells
expressing both alleles appeared to be budding randomly
overall, detailed analysis of budding positions indicated
that the first bud often formed at the distal tip of a new
daughter cell, much as observed for wild-type diploid cells
[3]. Budding at the distal tip occurred 67 % of the time in
the bud1K16N strain, and 79 % of the time in the bud1G12V
strain (Table 1). To determine if the effect was related to
the use of these two alleles or if some bias for the distal tip
remained in the absence of Bud1p, the budding pattern of
BUD1 deletion diploid cells was examined. Surprisingly,
these cells budded first at the distal tip 77 % of the time.
This bias did not persist beyond the first budding event
— the second bud site in a BUD1 deletion occurred at
distal end only 26 % of the time. To corroborate the obser-
vations made with the BUD1 mutants, we quantitated the
distal tip bias in diploid cells deleted for either BUD2 or
BUD5 [10,14]; these cells also formed their first bud pri-
marily at the distal tip (Table 1). Thus, although mutant
cells may contain Bud1p–GTP on the membrane
(Bud1G12Vp, BUD2 deletion), Bud1p–GTP cannot override
an innate tendency for cells to bud at their distal tip. 
One explanation for this inherent distal tip bias could be
that some component of the budding complex from the
previous cell division remains at the tip of the cell, making
it more likely that the complex would reassemble here. A
second explanation is that the distal tip bias reflects
bipolar budding of low fidelity, using a function that does
not involve Bud1p. If this bias were due to low fidelity
versions of normal budding patterns, one would predict
that a bud1 deletion haploid would exhibit a low fidelity
axial pattern and, therefore, no distal tip bias. Although
haploid cells deleted for BUD1, BUD2 or BUD5 lack a
strong distal tip bias (Table 1), a further experiment sug-
gests that this result is due to ploidy or cell size (haploids
are smaller than diploids), rather than low fidelity axial
budding. A haploid strain was constructed which was
defective both for axial landmarks (bud3 deletion) and for
Bud1p (strain MMY127: a bud3::URA3 bud1::ura3). If the
distal tip effect seen in BUD1 deletion diploids were
simply due to low fidelity bipolar budding, then the muta-
tion of bud3 should restore the distal bias to these cells.
However, counts of the first budding events by these cells
indicated that they lacked a distal tip bias, just like the
bud1 BUD3 haploid (Table 1). We conclude that the distal
tip bias, specific to diploid cells, does not reflect low
fidelity bipolar budding, but likely reflects some aspect of
Figure 6
Confocal images of indirect
immunofluorescence of cells producing HA-
Bud1p (strain JCY405) detected with anti-HA
primary antibody. 
Table 1
An analysis of the position of the first bud site on cells of
various mutant backgrounds.
Relevant Percent Percent Strain
genotype distal tip elsewhere number
Diploid cells
BUD1 82 17 JCY320
bud1G12V 79 21 JCY321
bud1K16N 67 33 JCY322
bud1D 77 23 MMY104
bud5D 77 23 JCY162
bud2D 76 24 MMY126
Haploid cells
bud1D 42 58 Y419
bud5D 37 63 JCY205
bud2D 41 59 HP24
bud1D bud3D 43 57 MMY127
For each strain at least 200 cells were counted. The position of first
budding events of daughters was scored. Only daughter cells where
the first bud site overlapped the long axis of the ellipsoidal cell at the
distal end were scored as budding at the distal tip (bud site defined by
Calcofluor stained chitin ring).
Research Paper  Bud1p GTPase mechanism Michelitch and Chant    451
cell shape or size combined with the previous polarization
of the cytoskeleton in the daughter.
Discussion
The function of Bud1p domains
The functions of two domains of interest in Bud1p were
investigated in this work: the proposed effector domain
(by analogy to Ras) and a unique region close to the
carboxyl terminus of Bud1p. Mutation of the proposed
effector domain (T35A) produced a protein that neither
suppressed cdc24-4 nor supported normal patterns of bud-
site selection. As Cdc24p has been shown to bind Bud1p
[17] and governs polarity establishment which occurs in
response to Bud1p [8,9,26], we conclude that this domain
mediates interaction of Bud1p with Cdc24p and perhaps
other downstream factors. 
In contrast, deletion of the unique insert domain of Bud1p
produced a protein that was essentially wild-type for all
known Bud1p functions. As both Bud1p and the Ras pro-
teins of yeast have the same effector domain region as
Bud1p but differing carboxy-terminal loops, it had been
speculated that this loop region would play a large role in
binding budding specific factors [8,28]. However, Bud1p
lacking this loop supported normal patterns of bud-site
selection and suppressed the defect of cdc24-4, suggesting
that this domain does not mediate interactions with
budding-specific factors. An interesting possibility is that
this domain prevents Bud1p from interacting inappropri-
ately with the targets of other GTPases.
Comparison of the Bud1p mechanism of action with
other GTPases
Fractionation experiments indicated that Bud1p is associ-
ated with the plasma membrane at all times. Membrane
attachment is likely to be mediated by a carboxy-terminal
geranyl–geranyl modification, as Bud1p clearly has a signal
for this type of isoprenylation [8,30]. Previous experiments
have indicated that cycling between GTP-bound and GDP-
bound forms is important for Bud1p function [10,14,28],
raising the possibility of a cycle of localization for Bud1p,
such as is observed for Sar1p or ARF secretory GTPases.
Sar1p–GDP is cytosolic until it interacts with its membrane
localized exchange factor (Sec12p) to become GTP-bound
[31]. It remains at the membrane to promote vesicle forma-
tion until the GTP is hydrolyzed with the help of a GAP
(Sec23p; [32]), releasing Sar1p to the cytoplasm. If Bud1p
moves on and off the plasma membrane throughout its
GTPase cycle, one would expect to see a pool of soluble
Bud1p when GDP-bound or when GTP-bound. We did not
observe this to be the case; instead Bud1p remained mem-
brane bound in four mutant situations that affect GTP/GDP
binding and hydrolysis (bud1G12V, bud1K16N, bud2 and bud5).
The constant association of Bud1p with the membrane
was very similar to that observed for Ras [22], which is
constitutively membrane-bound but, when GTP-bound,
docks Raf kinase to the membrane for activation. When
Raf is targeted to the membrane by other means, Ras
becomes dispensable for Raf activation [23,24]. We there-
fore tested whether the association of postulated Bud1p
effectors, Cdc24p or Bem1p, with membranes was depen-
dent upon Bud1p function. We found that Cdc24p and
Bem1p were insoluble even in the absence of Bud1p.
Although we cannot eliminate the possibilities that Bud1p
docks a factor other than these two proteins or that there is
redundancy in the pathways which dock Cdc24p or
Bem1p, an alternate possibility is that Bud1p nucleates
complex formation between polarity establishment factors
within the plane of the membrane.
Bud1p mutant GTPases cannot overcome the bias for
distal tip budding of bud1 null cells
A novel and somewhat unexpected finding of our work
was that, in bud1 null diploid cells, there remained a con-
siderable bias for use of the distal pole during its first
budding event as a daughter. No perceivable bias
remained subsequent to the first budding event of the
daughter; as a result, after multiple budding events, the
patterns of bud scars on the surface of cells appeared undi-
rected or random. This inherent bias for the distal pole
may arise from a weak memory in the cytoskeleton that
directs bud position in the absence of a productive Bud1p
signal. Such a bias may occur towards the distal tip of the
daughter because this is the direction towards which the
cytoskeleton and growth were oriented during growth of
the bud. Although it is clear that the spindle pole body
and cytoplasmic microtubules are not important in normal
bud-site selection or growth ([33], see [3] for extended
discussion), this distal bias in the bud1 null strain could
arise from the orientation of the daughter spindle pole
body following mitosis. 
The inherent bias of bud1 null cells for choosing their first
budding event at the distal tip provides the opportunity to
ask if different mutant versions of BUD1 can override this
bias. If Bud1p were to act like Ras, one might predict that
Bud1G12Vp should produce a constitutive signal throughout
the plasma membrane, making it equally probable for buds
to be selected in all locations. Markedly, neither Bud1G12Vp
nor Bud1K16Np had much effect upon the distal tip bias
when produced at wild-type levels in bud1 deletion cells.
Thus, even though bud1G12V produces wild-type levels of
Bud1p completely bound to GTP, such a signal is appar-
ently not sufficient to alter the distal tip bias. Although a
number of explanations are possible, one interesting possi-
bility is that, in wild-type cells, Bud1p is distributed uni-
formly across the plasma membrane, but repeated cycling
of Bud1p between GTP- and GDP-bound forms at the
incipient bud site is necessary to produce a strong bud-site
selection signal, in the form of nucleation of complexes
between polarity establishment factors [17,34].
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Localized GTPase cycling as a mechanism for Bud1p
action
Based on previously described biochemical and genetic
interactions, and the data presented here, we propose a
novel mechanism for Bud1p action — localized GTPase
cycling (Fig. 7). In this mechanism, the activities of Bud1p
regulators (Bud5p and Bud2p) are localized at the future
bud site. The localization of both Bud1-GEF and Bud1-
GAP activities promotes repeated cycling of Bud1p
between GTP- and GDP-bound forms at the bud site.
Complexes of polarity establishment factors are efficiently
nucleated at this site by cycling of Bud1p between GTP
and GDP. Cycling of the GTPase may serve two pur-
poses: the GTP- and GDP-bound conformations of Bud1p
may interact with different targets as part of the nucle-
ation process; alternatively, the GTP-bound Bud1p may
nucleate a complex and hydrolysis may simply serve to
release the complex. In either case, a large number of
nucleated complexes can be generated in a specific locale
quickly to generate an activated site. 
This localized GTPase cycling mechanism economically
explains several observations reported here and else-
where. First, in the bud-site selection process, it is
believed that the Bud1p GTPase module recognizes com-
plexes of proteins marking the previous site of cell divi-
sion during axial budding and the cell poles during bipolar
budding. According to this hypothesis, one would expect
to isolate axial or bipolar specific mutations within genes
encoding the components which directly recognize these
marks. To date, bipolar-specific alleles of both BUD2 and
BUD5 have been found ([13]; A. Epp and J. Chant,
unpublished observations). The most economical explana-
tion for the existence of pattern-specific alleles of both
regulators is that both recognize bipolar spatial cues and,
therefore, the activities of both are localized.
Second, Ruggieri et al. [28] reported the interesting observa-
tion that overexpression of wild-type BUD1 was able to sup-
press the cdc24-4 mutation more effectively than bud1G12V or
bud1K16N. If suppression were simply due to a signal pro-
vided by GTP-bound Bud1p, one would predict that the
bud1G12V allele would suppress most effectively; however,
this is not observed. Therefore, productive interaction with
Cdc24p apparently requires cycling of the GTPase. A local-
ized GTPase cycling mechanism can also explain the inabil-
ity of bud1G12V or bud1K16N to overcome the distal tip bias of
BUD1 null cells, consistent with the belief that Bud1G12Vp
does not provide an efficient bud-site signal.
Finally, the observation that the subcellular location of
Bud1p does not perceivably change under a range of
mutant conditions supports the notion that there are no
long-range movements of Bud1p. Bud1p molecules may
therefore cycle between GTP- and GDP-bound forms in a
restricted locale.
A number of important issues are raised by this work. Are
Bud2p and Bud5p proteins or their activities localized, as
proposed? What is the composition of the complexes
nucleated in response to Bud1p cycling? Are there compo-
nents to these complexes which are not yet known geneti-
cally? How is assembly of complexes at the bud site
choreographed with cell cycle timing? How do polarity
establishment factors efficiently promote polarization at
secondary sites in the absence of Bud1p function? The
model we describe here provides directly testable predic-
tions that will help us to answer these and other questions,
and to further define our understanding of bud-site selec-
tion in S. cerevisiae. 
Materials and methods
Yeast media and growth conditions
Standard yeast methods were used unless noted [35]. All yeast strains
were grown in standard synthetic media at 30 °C [35]. Modified syn-
thetic media that lacked either uracil or leucine was used to select for
plasmid-containing cells as required. Except where noted, cells were
used in log phase for all experiments. Growth rates were compared by
streaking strains on media and observing the rate of colony formation.
Figure 7
Localized cycling mechanism of Bud1p action. In this proposed
mechanism Bud1p regulators, Bud5p exchange factor (GEF) and
Bud2p GTPase activating protein (GAP), are localized to the future bud
site to control Bud1p cycling at this point. Cycling of Bud1p between
GTP- and GDP-bound forms nucleates formation of complexes
between polarity establishment factors. See text for more detail.
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Yeast strains and plasmids
See Table 2 for strain and plasmid descriptions. The bud3 bud1 deletion
strain (MMY127) is a segregant of a cross between strain JCY1028 with
Y419. Y419 and HP24 were converted to diploids (MMY104 and
MMY126, respectively) by inducing mating-type switching and testing for
diploidization [36]. The bud1T35A and bud1D81aa alleles were produced
with two-step polymerase chain reaction (PCR; [37]) with Pfu poly-
merase (Stratagene, La Jolla, California). The oligonucleotides used for
the second step in both cases were BUD15′b (GGCCGAGCTC-
GATCTCGAA) and BUD1-2 (CGGAATTCCGGTAGCGCGCTTCCC).
The oligonucleotides used for the bud1T35A mutagenic PCR were
BUD15′T35A (TATGATCCAGCTATCGAAGA) and BUD13′T35A
(ATCTTCGATAGCTGGATCAT). The oligonucleotides used for the
bud1D81aa mutagenesis were BUD1-716 (CTTAGGATCCAACT-
GCTTCAC) and BUD1-950 (AGGATCCTAAGCGCTACTTCACAAC).
These oligonucleotides introduce a BamHI site in place of the 81 amino
acids. PCR products were ligated via blunt ends into the SmaI site of
YCp50 and sequenced by the dideoxy method. BUD1 alleles were trans-
ferred into other vectors by cutting with EcoRI and BamHI and ligating to
corresponding vector sites. The hemagglutinin-tagged CDC24 construct
was produced by PCR-amplifying CDC24 with VENT polymerase (New
England Biolabs) and ligating this fragment into the vector pAD5 via SacI
and SalI sites present in the vector and PCR primers. Primers: 5′CDC24:
CTATGTCGACTATGGCGATCCAAACCCGT. 3′CDC24: GACT-
GAGCTCTTGAACATCTGCCCCTCT. This construct was able to com-
plement a cdc24-4 mutation and produced a protein of the expected
molecular weight (J.C., unpublished). Hemagglutinin tagged BUD1 con-
struct was produced in an identical manner with the following PCR
primers: 5′BUD1: CTATGTCGACTATGAGAGACTATAAATTAG.
3′BUD1: GACTGAGCTCTAACGCAGCATCTA CCG. The HA-BUD1
construct efficiently complemented a BUD1 null mutation and produced
a protein of the appropriate molecular weight (J.C., unpublished).
Assays of budding pattern and cdc24-4 suppression
Calcofluor staining of bud scars was performed on cultures grown
overnight in log phase as described previously [38] and examined
using a Nikon microphot-SA epifluorescence microscope. The proximal
pole was determined by the presence of a birth scar, and only those
cells where the birth scar was evident were counted. These cells were
identified and counted by established criteria [3]: only daughter cells
where the first bud site overlapped the long axis of the ellipsoidal cell at
the distal end were scored as budding at the distal tip (bud site defined
by Calcofluor stained chitin ring). Suppression of cdc24-4 was exam-
ined by incubating strains at 34 °C for three days and comparing
growth with control strains.
Cell membrane fractionations
Membrane fractions were prepared by modifying the protocol in Bruno
et al. [39]. Typically, 50 ml of cells in mid-log phase were harvested
and digested with lyticase (ICN, Costa Mesa, CA) to 70–80 % sphero-
plasts in 1.4 M Sorbitol, 50 mM potassium phosphate pH 7.5. Sphero-
plasts were washed twice in this same buffer and resuspended in 1 ml
of fractionation buffer (0.8 M sorbitol, 10 mM triethanolamine, 1 mM
EDTA, pH 8.0, protease inhibitors). 0.3 g 0.3 mm glass beads (Sigma,
St. Louis) were added, and cells were gently vortexed at 4 °C for
several min. The liquid layer was recovered and centrifuged at 450 × g
for 3 min to remove unlysed cells. The resulting P1 pellet was resus-
pended in 1 ml fractionation buffer, vortexed using the same beads,
and then centrifuged again at 450 × g. The resulting supernatant was
combined with the supernatant from the first spin. This fraction was
then centrifuged at 10 000 × g for 10 min to generate a P2 pellet and
S2 supernatant. The S2 supernatant was centrifuged at 100 000 × g
for 1 h to generate the S3 and P3 fractions. The P2 and P3 pellets
were resuspended in a minimal volume of fractionation buffer and com-
bined. Protein concentration of the resuspended pellet fraction and the
S3 supernatant was determined using the Pierce Coomassie Plus
protein reagent (Pierce, Rockford, Illinois). Routinely, approximately five
fold more protein was present in the soluble fraction as in the insoluble
fraction. 60 mg of protein was loaded per lane for immunoblots.
Immunofluorescence and immunoblots
Immunofluorescence was performed essentially as described in Pringle
et al. [40]. Primary antibodies directed against a Hemagglutinin (HA)
tag were purchased from Babco (Berkley, California). Secondary
antibodies were goat anti-rabbit antibodies conjugated to CY3 for
immunofluorescence (Jackson Immunoresearch Laboratories,
Westgrove, Pennsylvania). For Bud1p immunoblots, primary antibodies
were single affinity purified polyclonal rabbit antibodies raised to a
BUD1-GST fusion. Rabbit anti-Pma1p serum was donated by Amy
Chang, and rabbit anti-Bem1p serum was donated by K. Corrado, E. Bi
and J.R. Pringle [6]. Secondary antibodies were goat anti-rabbit
antibodies conjugated to alkaline phosphatase (Biorad, Melville, New
York). Anti-HA antibodies for Cdc24p localization were purchased from
Boehringer-Mannheim (Indianapolis, Indiana) and used in conjunction
with alkaline phosphate conjugated goat anti-mouse antibodies from
Biorad. Immunoblots were performed by standard methods [41]. 
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Table 2
Yeast strains and plasmids
Yeast strain Relevant genotype Source
Y419 MATa bud1::ura3 his3 leu2 ura3 [8]
MMY104 MATa/MATa bud1::ura3/bud1::ura3 This study
his3/his3 leu2/leu2 ura3/ura3
JCY320 Strain MMY104 transformed This study
with pPB290
JCY321 Strain MMY104 transformed This study
with pPB 291
JCY322 Strain MMY104 transformed This study
with pPB 293
JCY162 MATa/MATa bud5::URA3/bud5::URA3 [10]
his4/his4 trp1/trp1 ura3/ura3
JCY205 MATa bud5::URA3 his4 trp1 ura3 [10]
HP24 MATa bud2::LEU2 ura3-52 lys2-801 [14]
ade 2-101 his3D200 leu2D1 trp1D63
MMY126 MATa/MATa bud2::LEU2/bud2::LEU2 This study
ura3-52/ura3-52 lys2-801/lys2-801
ade2-101/ade2-101 his3D200/his3D200
leu2D1/leu2D1 trp1D63/trp1D63
MMY127 MATa bud1::ura3 bud3::URA3 This study
leu2 ura3
ABY145 MATa cdc24-4 his3 leu2 ura3 [8]
JCY1028 MATa bud3::URA3 his4 trp1 ura3 M. Mischke,
unpublished
JCY405 HA-BUD1 pAD5 (pB56) in ABY324 This study
ABY324 MATa/MATa bud1::URA3/bud1::URA3 [8]
leu2/leu2 his3/his3 ura3/ura3
JCY403 HA-CDC24-pAD5 (pB67) in ABY145 This study
MMY112 HA-CDC24-pAD5 (pB67) in Y419 This study
Plasmid Description Source
YCp50 URA3-containing, centromere-containing [42]
plasmid
pPB290 BUD1 in YCp50 [8]
pPB291 bud1G12V in YCp50 [28]
pPB293 bud1K16N in YCp50 [28]
YEp13 LEU2-containing, 2m-containing plasmid [42]
pPB161 BUD1 in YEp13
pMM11 bud1T35A in YEp13 This study
pMM12 bud1T35A in YCp50 This study 
pMM18 bud1D81aa in YCp50 This study
YEplac195 URA3-containing, 2m-containing plasmid [43]
pMM21 BUD1 in YEplac195 This study
pMM20 bud1D81aa in YEplac195 This study
pAD5 LEU2-containing, 2m-containing plasmid [44]
pB67 HA-CDC24 in pAD5 This study
pB56 HA-BUD1 in pAD5 This study
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